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Abstract
Due to the importance of high surface quality of machined parts, considering its functional requirements, it is important to select a proper set
of grinding parameters. Experimental trials are material, energy and time consuming. Therefore it is relevant for the industry to use a roughness
model capable of simulating diﬀerent grinding kinematics with diﬀerent sets of parameters. This paper presents a fast and reliable method, for
the NC-grinding process with abrasive mounted points, to reach this demand. In order to achieve this, numerical and empirical experiments were
conducted proving the feasibility of the model for conventional, oscillating and tilt surface grinding.
c© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
Grinding processes consist of a large amount of abrasive
grains, bounded with a speciﬁc material, which interacts with a
workpiece in order to remove material to achieve project spec-
iﬁcations [1]. Due to the complex interaction between system
and process parameters with the results, it is diﬃcult to model
a reliable simulation to be used for industrial applications [2].
However, in the past decades, the demand of reliable models
and simulations has grown due to the development of new tech-
nologies and the need of more accuracy of machined parts.
Consequently, to achieve more reliable results, it demands a
better understanding of the grinding process [3].
The development of modern computers allowed an introduc-
tion of the ﬁrst modelling systems for diﬀerent grinding pro-
cesses. For example, simulations to anticipate various aspects
of wheel wear behavior [4], grinding force and power [5], and
tool-workpiece interaction [6]. To predict the grinding process
behavior there are several process model methods (fundamen-
tal analytical and ﬁnite element), empirical process models (re-
gression and artiﬁcial neural net models) and heuristic process
models (rule based models) [7].
Recent simulation studies can be applied for new kinematics,
such as the ones proposed by Uhlmann [8] and parameter op-
timization for grinding with mounted points [9]. Among these
kinematics, three can be pointed out. These are conventional
surface grinding (CSG), oscillation surface grinding (OSG) and
tilt surface grinding (TSG). To model diﬀerent strategies and
process parameters, main steps should be considered, such as
the characterization of the grinding tool, geometry and its in-
teraction with the workpiece during contact as well with the
material removal.
With a reliable model to describe the grinding tool presented
on the paper part I, this paper, part II, aims to develop a fast
method to predict the structure of ground surfaces for diﬀer-
ent process parameters (e.g. feed rate v f , worktool rotation n,
structure angle αs, oscillation frequency fs and amplitude As)
and diﬀerent grinding kinematics (e.g. CSG, OSG and TSG).
2. Grinding kinematics
The structure angle αs was introduced as one of the most
signiﬁcant parameters for grinding with abrasive mounted
points [8,9]. This parameter results from the orientation of the
scratches, which is related to the cutting speed vc, and the rep-
etition of it along the grinding tool path due to the feed rate v f .
Thus, the structure angle is a direct resultant of the kinematics
during the grinding process.
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For instance, in CSG, the orientation of the scratches have
the same direction of the grinding tool path, which results into
a structure angle αs of 0◦ (ﬁg. 1a). In OSG, the average oscil-
lation velocity vos is a consequence of the additional axial dis-
placement vh of the grinding tool along with its radial velocity
vr. Due to this oscillation displacement, the outcome scratches
are aligned into a waveform along the workpiece surface (ﬁg.
1b). This waveform posses a deﬁned amplitude As and a fre-
quency fs, which means a variation of the structure angle along
the workpiece surface. Therefore, a way to characterize the
OSG kinematic is by the average structure angle αs. When the
outcome scratches possess a ﬁxed angle in relation to the feed
rate v f , the kinematic is called TSG (ﬁg. 1c). This kinematic
results in a uniform structure angle αs along the workpiece sur-
face.
Figure 1. Kinematic scheme of (a) CSG, (b) OSG and (c) TSG. Adapted from
Uhlmann [8].
3. Experimental Setup
3.1. Methodology
The steps presented in this chapter, aims to show the method-
ology, shown in ﬁg. 2, applied to validate the geometrical sim-
ulation.
The experiments (#1, #2 and #3) were proposed to acquire
diﬀerent surface structures for CSG, OSG and TSG kinematics.
Then, to compare them with the simulation results (S1, S2 and
S3) in order to validate the geometrical simulation by verifying
the changes of the structure along the simulated surface and the
experimental ground workpieces.
For presenting a potential application of the simulation
method, diﬀerent simulation trials were conducted, in which
Figure 2. Scheme of the methodology applied.
diﬀerent process parameters were used. For S2b, the oscilla-
tion amplitude As of the case #2 was set to 1 mm and for S2c
the frequency fs was set to 0.4 Hz. For S3b, the structure an-
gle αs of the case #3 was reduced to 15◦. For the simulations, a
commercial laptop was used.
3.2. Experimental Process
Experimental tests were conducted by using a 5-axis-
grinding machine tool RXP600DSH UHP from Röeders
GmbH, Soltau, Germany, using an electroplated diamond
mounted point tool. In table 1 are listed the grinding tool and
workpiece characteristics and conditioning parameters used for
the investigations. The grinding parameters are listed in tab. 2.
Table 1. Grinding tool and workpiece characteristics and conditioning parame-
ters.
Grinding tool
Shape (Diameter, Lenght) Cilindrical (8 mm, 8 mm)
Grain type, concentration D 126, C100
Bond type Electroplated
Conditioning parameters
Tool Winter No2, EKW 180 I9 V900
Sharpening tool feed rate v f S b 200 mm/min
Sharpening tool feed aSb 2 mm
Sharpening tool height hSb 6 mm
Workpiece
Material Graphite
Average Particle Size <1 μm
Hardness 83 shore
Dimensions 50 mm x 100 mm x 20 mm
Regarding the workpiece, graphite pieces, with particle size
lower than 1 μm, were selected due to its low hardness thus
diminishing the grinding tool wear and providing a high relia-
bility of the process.
Table 2. Grinding parameters for the experimental trials.
Case #1 #2 #3
Kinematic CSG OSG TSG
Periferal velocity vs [m/s] 20 20 20
Feed rate v f [mm/min] 50 50 50
Depth of cut ae [mm] 0.150 0.150 0.150
Oscillation no yes no
Amplitude As [mm] - 0.5 -
Frequency fs [Hz] - 0.2 -
Tilt no no yes
Structure angle αs [◦] - - 30
4. Numerical simulation steps
The simulation steps are described in this section. The repre-
sentation of these steps are presentented in in ﬁg. 3 using OSG
kinematic.
4.1. Input
For the modelling of the grinding process with abrasive
mounted points, it is essential to have a knowledge about the
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Figure 3. Steps of the geometrical simulation.
grinding tool topography. Therefore, as described in the paper
part I, a proﬁle that represents the kinematic cutting edges of the
grinding tool was used as an input. The proﬁle can be acquired
with a scratch test.
4.2. Step 1: Rotary grinding tool
The ﬁrst step of the simulation describes the rotary grinding
tool as a matrix R{i, j}. In this step, the kinematic cutting edges
proﬁle is positioned along the j axis and replicated along the i
axis, in which the grinding tool matrix R{i, j} varies according
to the grinding tool diameter D (ﬁg. 3 Step 1), then modelling
the rotary grinding tool R{i, j}. This step 1, resembles the act of
turning on the spindle of a grinding machine (ﬁg. 2).
Regarding the lateral resolution of the rotary grinding tool
matrix R{i, j}, its value relies on the kinematic cutting edge pro-
ﬁle used as input. The maximum length of the columns j rep-
resents the grinding tool width w and the length i is calculated
based on the contact length lcx.
4.3. Step 2: Tool-workpiece interaction
On Step 2, the relative movement between grinding tool and
workpiece is added, simulating the material removal with a de-
ﬁned depth of cut ae. The rotary grinding tool matrix R{i, j}, in
this Step 2, is positioned along the matrix which represents the
workpiece z{x, y} for each rotation of the grinding tool.
The rotation of the grinding tool is constant along the sim-
ulated process, so the time of each rotation ts is calculated ac-
cording to Eq. 1, deﬁning the temporal discretisation of the
present simulation. The displacement of the rotary grinding
tool R{i, j} over the workpiece z{x, y} are obteined according
the equations 2 and 3.
ts =
60
n
(1)
x(t) = v f · t (2)
y(t) = As · sin(t · fs · 2π) (3)
The variation of the displacement of the grinding tool along
the y axis only occur during the OSG. For CSG and TSG, the
values of frequency ( fs) and amplitude (As) will be zero, hence
nullifying the term y and having the displacement only in x axis.
For TSG, as the the structure angle αs must be considered, the
rotary grinding tool matrix R{i, j} must be tilted in relation to
the z axis. For adding this tilt angle to the rotary grinding tool
matrix R{i, j}, the Eq. 4 was used.
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5. Results
Fig.4 shows the output of each of the steps for OSG simu-
lation, which its input is the kinematic cutting edges proﬁle ac-
quired with a scratch test, as presented in the paper part I. Step
1 shows the resultant rotaring grinding tool and Step 2 shows
the structure of a ground surface.
Figure 4. Steps of the geometrical simulation.
Experimental trials were carried out to validate the simu-
lations. The measured surfaces are shown in ﬁg. 5a for the
cases #1, #2 and #3. Concerning the simulation results, these
are presented for qualitative comparison in ﬁg. 5b (S1, S2 and
S3). Both, simulation and experiments results, shows an im-
provement of the surface for OSG and TSG when compared to
the CSG, according to the proposed by Uhlmann. [8,9]. Not
only in a qualitative way, the surface structure improvements
are also noticed with the surface parameters according to ISO
25178, presented in tab. 3.
Table 3. Surface parameters according ISO 25178.
Case #1 S1 #2 S2 S2b S2c #3 S3 S3b
Sq 5.23 5.03 3.80 3.57 2.73 2.83 3.15 2.79 3.74
Sz 33.6 21.4 29.7 22.0 17.7 20.2 25.3 12.1 18.1
Sa 4.35 4.30 3.06 2.93 2.16 2.20 2.56 2.37 3.09
Sk 12.7 11.5 6.93 5.93 4.34 4.47 5.96 4.21 6.06
Spk 3.13 2.35 3.55 3.70 2.76 2.68 2.46 2.87 4.82
Svk 2.73 2.06 2.17 1.89 1.05 1.42 1.90 0.98 2.06
* values in μm.
Both, S2b and S2c, using OSG kinematic show a reduction
of the surface parameters compared to the S2 as shown in tab. 3.
However, for S3b, the structure angle of 15◦ led to a higher
surface parameters than S3.
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Figure 5. Top view of the measured surfaces #1, #2 and #3 (a), of the simulation results S1, S2 and S3 (b) and the simulation results S2b, S2c and S3b (c).
Knowing that the simulation outputs are results from a cer-
tain amount of computer processing time, each simulation is
presented in ﬁg. 5 with their corresponding processing time.
6. Summary and conclusions
In accordance with the experimental results, the numerical
simulation followed the same tendency for the diﬀerent kine-
matics. This can be noticed in a qualitative analysis and based
on the analysis of the surface parameters. Due to these results,
the simulation proved to be a reliable tool to predict the surface
structure for CSG, OSG and TSG kinematics.
In order to study process optimization, an improvement re-
garding the diﬀerent parameters applied in S2b and S2c com-
paring with S2 was shown in ﬁg. 5(c) and tab. 3. But for S3b,
the new parameters shown a worse surface characteristics com-
pared to S3. Using this simulation method, parameters variation
could be analyzed and optimized in a short period of time.
For studying the diﬀerent kinematics, the grinding tool was
considerate perfectly rigid. Moreover, possible deﬂection of the
abrasive grains and grinding tool wear was disregarded. Data
considering the minimum depth of cut can be included in this
model in future studies, along with material removal conditions,
such as ductile and fragile behavior along with tool deﬂection,
grinding force and grinding tool wear.
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